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Abstract A synclinal depositional system in eastern Australia (Taroom Trough, Bowen Basin) was affected
by folds and thrusts, but the structural style associated with this deformation is not fully understood. Using
gridded aeromagnetic data and 2-D seismic reﬂection data, we conducted a structural analysis that unravels
the geometry and kinematics of major thrust faults in the eastern-central part of the Taroom Trough. Major
structures are the east dipping Cockatoo, Miles, and Taroom faults andwest dipping Burunga andGlebe faults.
Our results show that west dipping thrusts have a listric geometry that produced gentle hanging-wall
anticlines. A north striking gentle symmetric syncline and anticline pair is also observed to the west of the
Burunga Fault. These observations indicate that the deformation in the central Taroom Troughwas controlled
by décollements in the basement rocks. The décollements and resultant structures were likely developed in
response tomild contraction of the synclinal depositional system during the last phase of the Permian-Triassic
Hunter-Bowen Orogeny (HBO). The last phase of the HBO also resulted in the reactivation of preexisting
east dipping Cockatoo and Miles faults. The bulk longitudinal strain, however, in the eastern-central Bowen
Basin was low (~2.8% shortening), with the deformation restricted to a relatively narrow zone. In contrast,
deformation in the northern Bowen Basin was distributed in a wider fold-thrust belt that accommodated a
higher amount of strain. This change in the pattern of deformation along the eastern part of the Bowen Basin
could possibly be explained by along-strike variations in the rates of trench advance.
1. Introduction
Décollements (low-angle bedding-parallel faults) [Twiss and Moores, 2007] and the reactivation of preexist-
ing structures have been proposed to have great contributions to across- and along-strike variations in
the structural style of foreland fold-thrust belts [Pﬁffner, 1981; Kley et al., 1999; Mouthereau et al., 2002;
Molinaro et al., 2004; Sherkati and Letouzey, 2004; Sherkati et al., 2005; Yin, 2006]. Numerous studies have
investigated structural aspects associated with décollements in foreland fold-thrust belts, including multi-
ple décollement levels [Sherkati et al., 2005], changes in depth to the basal décollement level [Molinaro
et al., 2004], and the development of thrust systems [Pﬁffner, 1981; Boyer and Elliott, 1982; Davis et al.,
1983; Kley et al., 1999; Mouthereau et al., 2002]. A large volume of research has also been done on the
role that preexisting structures play during inversion of early basin-controlling normal faults [Jackson,
1980; Williams et al., 1989; Letouzey, 1990; McClay, 1995; Giambiagi et al., 2003; Sepehr and Cosgrove,
2004]. Nonetheless, relatively little is known about the reactivation of preexisting contractional structures
through multiple contractional phases in foreland fold-thrust belts. In particular, how is the development
of décollements and associated thrusts affected by the reactivation of preexisting orogenic-scale synclinal
depositional systems?
One place where the development of décollements in a synclinal depositional system can be investigated
is the Bowen Basin in eastern Australia. The Bowen Basin is a part of a larger sedimentary basin system
(Bowen, Gunnedah and Sydney basins; Figures 1a and 1b) that developed in the Permian and Triassic
along the margin of eastern Australia. The Bowen Basin is generally oriented north-south, and its early
development has been attributed to back-arc extensional tectonics in the Early Permian [Korsch et al.,
2009a]. Subsequently, in the Middle Permian to Late Triassic, the Bowen Basin was transformed into a fore-
land fold-thrust belt. The transition from extension to contraction has been attributed to the Hunter-
Bowen Orogeny (HBO) [Holcombe et al., 1997b; Korsch et al., 2009b]. A number of previous studies have
investigated the effect of the HBO on different parts of the Bowen Basin [Fergusson, 1991; Elliott, 1993;
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Korsch et al., 2009b]. However, the larger-scale tectonic context associated with the HBO, and particularly
the variations in structural style throughout the foreland fold-thrust belt, is not fully understood.
The expression of the HBO in the eastern Bowen Basin is a series of fold and thrust systems that occur along
the eastern margin of a long (~1000 km) north striking syncline structure known as the Taroom Trough
[Fergusson, 1991; Korsch et al., 2009b]. In the northern part of this area, the foreland fold-thrust belt is rela-
tively broad (e.g., Gogango Overfolded Zone (GOZ), Folded Zone (FZ), and Jellinbah Thrust Zone (JTZ))
(Figure 1b), whereas the central part of the Taroom Trough (Figures 1b and 2), a series of east dipping thrusts
Figure 1. (a) A simpliﬁed tectonic framework showing Paleozoic-Mesozoic tectonic elements in eastern Australia. CMB, Clarence-Moreton Basin; ET, Esk Trough; GT,
Gympie Terrane; IB, Ipswich Basin; NCM, Nymboida Coal Measures; TO, Texas Orocline. The base map is ETOPO1 digital elevation model of the Australia [Amante
and Eakins, 2009]. (b) Simpliﬁed geological map of the Bowen and Gunnedah basins. The geological units of the overlayingMesozoic Surat Basin have been removed.
The base map is the SEEBASE map showing the depth to the Basement [FrogTech, 2006]. FZ, Folded Zone; GF, Goondiwindi Fault; GOZ, Gogango Overfolded
Zone; HWF, Hutton-Wallumbilla Fault; JTZ, Jellinbah Thrust Zone; LF, Leichhardt Fault; MT, Marlborough Thrust.
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Figure 2. The geological map of the Bowen Basin in the study area. The geological units of the overlaying Mesozoic Surat Basin have been removed. This map has
been made based on the interpretation of deep well data and seismic lines. White points are deep petroleum well data: (1) Taroom 16, (2) Tardrum 2, (3) Cockatoo
Creek 1, (4) Scotia 33, (5) Burunga 1, (6) Peat 10, (7) Peat 15, (8) Range 1, (9) Auburn 1, (10) Miles 1. BF, Burunga Fault; CF, Cockatoo Fault; GF, Glebe Fault; MF,
Miles Fault; TF, Taroom Fault.
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(Cockatoo, Miles, and Taroom faults) and west dipping thrusts (Burunga and Glebe faults) are recognized
within a relatively narrow zone (Figure 2). Some of the faults in the central part have been discussed in
previous publications [e.g., Elliott, 1993; Korsch et al., 2009b], but there are still open questions with regard
to the origin of the west and east dipping structures, the role of décollements and reactivation of preexisting
structures, and the amount of strain associated with this contractional deformation.
Utilizing 2-D seismic surveys and gridded aeromagnetic data, this paper presents a detailed study of subsur-
face structures in the eastern-central Bowen Basin. We aim at understanding the role that a synclinal deposi-
tional system (Taroom Trough) played in the development of décollements and resultant structures. The
results are then compared with the deformation in the northern part of the fold-thrust belt, where the struc-
tural style and bulk strain differ.
2. Geological Settings
The eastern Australian continental margin records a long history of subduction that lasted from the early
Palaeozoic through to the early Cretaceous [Veevers, 2000]. Although little is known about the location and
geometry of the subduction zone, periods of trench retreat and trench advance are now thought to be
responsible for the formation and deformation of various superimposed basins and volcanic arcs [Collins,
2002; Jenkins et al., 2002; Glen, 2013].
The study area is located in the eastern-central Bowen Basin (Figures 1 and 2), which is the northernmost
component of the Early Permian to Middle Triassic Bowen-Gunnedah-Sydney Basin complex. The basins
follow the western margin of the New England Orogen, which is made of Devonian-Carboniferous
subduction-related metasedimentary units, some older remnants of early Paleozoic ophiolitic assemblages,
Permo-Triassic magmatic rocks, and Triassic sedimentary basins (e.g., the Esk Trough, Nymboida Coal
Measures, and Ipswich Basin) [Leitch, 1975; Day et al., 1978; Henderson et al., 1993; Holcombe et al., 1997a].
The Bowen Basin extends over a distance of ~1000 km and has a maximum width of ~250 km. The geo-
metry of the basin is deﬁned by a series of troughs and ridges (Figure 1b). The Taroom and Denison
troughs are the most prominent and host the thickest stratigraphic units (Figures 1b and 2). The study
area is located in the eastern-central part of the Taroom Trough, a north striking synclinal depositional sys-
tem, which includes Lower Permian to Middle Triassic sedimentary and volcanic successions [Korsch et al.,
2009b] (Figure 1b). The rock units are subdivided into four general categories: Lower Permian volcanic
rocks, Lower to Upper Permian Back Creek Group, Upper Permian Blackwater Group, and Triassic units
(Figures 2 and 3). Lower Permian volcanic rocks are widespread in the eastern part of the Taroom
Trough; they are composed of basaltic and andesitic ﬂows, tuffs, and volcanic breccia, along with some
volcanoclastic sandstone and conglomerate [Dickins and Malone, 1973; Brakel et al., 2009]. The Lower-
Upper Permian Back Creek Group mainly consists of grey mudstone with sandstone, coal, and limestone
[Harrington et al., 1989]. The Upper Permian Blackwater Group conformably overlies the Back Creek
Group and includes shale, siltstone, sandstone, and coal seams [Dickins and Malone, 1973; Harrington
et al., 1989; Brakel et al., 2009]. The Blackwater Group is overlain by Triassic units, including the Lower
Triassic Rewan Group, Middle Triassic Clematis Group, and Moolayember Formation; they consist of sand-
stone, siltstone, conglomerate, and mudstone [Dickins and Malone, 1973; Exon, 1976; Brakel et al., 2009].
The central Taroom Trough and adjacent rock units of the New England Orogen are covered by
Mesozoic sedimentary units of the Surat Basin [Exon, 1976].
The Permian-Triassic units in the eastern-central part of the Taroom Trough were displaced by a narrow
zone of north striking thrusts, including the Glebe, Taroom, Burunga, Cockatoo, and Miles faults
(Figure 2). The east dipping Leichhardt, Goondiwindi, and Moonie faults displaced the rock units of south-
ern Taroom Trough. A variation in structural style is observed in the northern Taroom Trough, where a
wide NNW striking fold-thrust belt, including the Gogango Overfolded Zone (GOZ), the Folded Zone
(FZ), and the Jellinbah Thrust Zone (JTZ), displaced different units of the Taroom Trough (Figures 1b
and 4) [Holcombe et al., 1997b; Korsch, 2004]. The deformation to the east of the GOZ is characterized
by a very low angle thrust, known as the Marlborough Thrust in the rock units of the New England
Orogen [Holcombe et al., 1997b]. The GOZ is the eastern part of the northern fold-thrust belt and includes
thrust-related folds that displaced rock units of the New England Orogen and Lower to Middle Permian
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units of the Bowen Basin [Holcombe et al., 1997b; Korsch, 2004]. The FZ is an intensely folded zone that
deformed Upper Permian units of the Bowen Basin (Figure 1b) [Fergusson, 1991]. The JTZ displaced
Permian-Triassic units and is composed of a series of low angle thrusts and a crustal-scale décollement
(Figures 1b and 4) [Korsch et al., 2009b].
The Bowen Basin initiated in a back-arc setting during an Early Permian episode of slab retreat that caused
widespread extension and the formation of the East Australian Rift System [Korsch et al., 2009a]. Variable
rates of extension along strike have been linked to oroclinal bending in the southern New England Orogen
[Rosenbaum, 2012; Rosenbaum et al., 2012]. The process of oroclinal bending was associated with the
Figure 3. A schematic time-space chart showing Permian-Triassic stratigraphic units of the Bowen Basin [Dickins andMalone, 1973; Exon, 1976;Harrington et al., 1989;
Kassan, 1993; Brakel et al., 2009], as well as major deformation phases [Fergusson, 1991; Holcombe et al., 1997b; Korsch et al., 2009b].
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activity of orocline-parallel faults and a clockwise rotation of the north striking Goondiwindi-Moonie faults
[Babaahmadi and Rosenbaum, 2015; Brooke-Barnett and Rosenbaum, 2015; Rosenbaum et al., 2015].
Extension ceased when subduction switched from slab retreat to slab advance during the Middle
Permian. The thermal relaxation that followed led to a large-scale marine incursion into the Bowen
Basin that is preserved in the Middle to Upper Permian Back Creek Group [Korsch and Totterdell, 2009;
Korsch et al., 2009a] (Figure 2). From the Middle to Late Permian onward, the HBO contractional deforma-
tion dominated in eastern Australia until the early Late Triassic [Collins, 1991; Holcombe et al., 1997b]. In
central Queensland, the HBO ﬁrst developed the folds and thin-skinned thrusts of the GOZ, before step-
ping east to build the Marlborough Thrust [Holcombe et al., 1997b] (Figure 2). The crustal loading asso-
ciated with the Marlborough Thrust led to rapid foreland basin subsidence in the Bowen Basin until
the early Late Triassic [Fergusson, 1991; Holcombe et al., 1997b; Korsch et al., 2009b]. Contractional defor-
mation continued episodically throughout the Early to Middle Triassic, causing disconformities and fault
inversions in the Bowen Basin [Korsch et al., 2009b]. The last phase of the HBO was accompanied by wide-
spread uplift, folding, and the westward propagation of brittle thrusts that terminated deposition in the
Bowen Basin. This last contractional phase resulted in reverse movements along the Jellinbah,
Goondiwindi-Moonie, and Hunter-Mooki thrust systems [Korsch et al., 2009b]. It also caused the inversion
of Early Permian normal faults in the western Bowen Basin, including the Hutton-Wallumbilla and Merivale
faults [Elliott, 1993; Korsch et al., 2009b].
3. Methods
Gridded aeromagnetic and seismic reﬂection data provide valuable tools for the recognition of deep-seated
subsurface geological structures. The main geophysical data utilized in this study are open ﬁle 2-D seismic
reﬂection lines from the central Bowen Basin provided by the Geological Survey of Queensland (see
Table 1 for details; Figure 2). The seismic data had been acquired by various exploration companies over a
long period since 1978 and included a range of seismic resolutions and processing steps for each survey.
As seismic reprocessing was out of our scope, we limited the investigation to intermediate to good quality
seismic lines, and chose ﬁltered migrated images where possible. Seismic lines were used to interpret
Figure 4. The interpretation of deep seismic line BMR89.B01 showing the GOZ, FZ, and JTZ fold and thrust systems in the northern Bowen Basin controlled by a
crustal-scale décollement (interpretation after Korsch [2004]) (see Figure 1b for location).
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stratigraphic horizons, and major faults and folds. In order to fully characterize the deformation style in the
study area, the interpretation of seismic lines was complemented by regional potential ﬁeld data and open
ﬁle exploration boreholes (Table 2) to provide stratigraphic control. The seismic lines allow us to interpret
faults based on the offset and distortion of the reﬂectors along the fault zones.
Reduced-to-pole (RTP) gridded aeromagnetic data (Figure 5a), in which anomalies are located directly
above their sources, were provided by the Geological Survey of Queensland [UTS-Geophysics, 2006]. The
cell size of the aeromagnetic data is 80m (line spacing of 400m and an average ﬂight height of 80m
above ground level). For better recognition of magnetic bodies and faults, we utilized the tilt angle deri-
vative (TAD) (Figure 5b), which enhances the edges of magnetic sources from both shallow and deep
sources and is calculated as the arc tangent of the ratio of the ﬁrst vertical derivative to the absolute
value of the total horizontal derivatives [Miller and Singh, 1994]. Aeromagnetic data allow us to recognize
faults based on (1) offset and dragging of magnetic anomalies along faults, (2) pronounced structural
lineaments, and (3) lensoid and en-echelon shaped anomalies that suggest strike-slip movement
along faults.
In this study, the Euler deconvolution technique was used to estimate the depth and location of magnetic
sources. The technique is based on the Euler’s homogeneity equation [Thompson, 1982]:
x  x0ð Þ ∂T∂x þ y  y0ð Þ
∂T
∂y
þ z  z0ð Þ ∂T∂z ¼ N B Tð Þ
where (x0, y0, z0) is the location of a source whose total magnetic ﬁeld T is detected at (x, y, z). B is the regional
value of total magnetic ﬁeld. N is a degree of homogeneity, which corresponds to the structural index (SI) and
Table 1. Two-Dimensional Seismic Surveys Used in This Study
Seismic Survey Year Reference
Surat regional 1978 GES [1978]
Burunga 1981 Kabela-Geophysics [1982]
Leichhardt and Leichhardt in-ﬁll ATP 226P 1982 Schulte and Bell [1984]
Taroom 1983 Coho-Exploration [1983]
Brodmere, Cockatoo, and Singlehut 1984 Smith [1984]
Tin Hut 1985 McNicol [1987]
Conloi 1985 Fritch [1985]
Cabbagetree Creek 1996 Conoco [1996]
Glebe 2000 Santos [2001]
Phoenix 2010 Aouad and Taylor [2010]
Table 2. Deep Well Data in the Vicinity of Seismic Lines and the Depths to Top Permian-Triassic Units
Well Name Year
Total Depth
(m)
Top Triassic Units
(m)
Top Blackwater
Group (m)
Top Back Creek
Group (m)
Top Lower Permian
Volcanics (m) Reference
Burunga 1 1962 3121.8 618 635 1420 2987 Union-Kern-A.O.G.
[1962]
Cockatoo-
Creek 1
1963 3682.6 201 1008 1701 3633 Union-Kern-A.O.G.
[1963]
Auburn 1 1966 1863.6 1618 Union-Kern-A.O.G.
[1966]
Range 1 1966 1353.3 1258 Pyle [1966]
Taroom 16 1984 1230.9 301 Holmes [1984]
Miles 1 1993 1257.6 1208 Anulka [1993]
Peat 10 1996 890 669 713 Kress and White [1996]
Peat 15 1998 1026 831 873 Robbie and Anderson
[1998]
Tardrum2 2004 1400 241 795 Wilson and Mircea
[2004]
Scotia 33 2011 1167.3 672 952 GeoConsult [2011]
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Figure 5. (a) Reduced to pole (RTP) image of total magnetic intensity of the study area (see Figure 1b for location); (b) TAD image of the RTP and interpreted linea-
ments. (c) An interpreted geological map from the RTP image. The interpretation was assisted by the nearby Mundubbera geological map [Murphy et al., 1976].
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is a measure of the rate of change with the distance of a ﬁeld [Reid et al., 1990; Thompson, 1982]. The SI value,
which ranges from 0 to 3, is a vital parameter in the Euler method, because it determines the geometry of
geological features [Reid et al., 1990; FitzGerald et al., 2004]. For example, the edges of sills, dykes, and small
step faults can best be displayed through an operation of SI = 1, whereas SI = 0 and SI = 2 are useful indices for
detection of the contacts of magnetic anomalies and cylinder-shaped bodies, respectively [Reid et al., 1990;
FitzGerald et al., 2004]. Euler deconvolution method is an advantageous technique because (1) it is a quick
processing depth estimation technique [Reid et al., 1990], which is particularly useful in areas covered by sedi-
mentary basins; (2) it requires no earlier knowledge of the source magnetization direction except operating a
correct structural index [Barbosa et al., 1999]; and (3) this technique is most effective in characterizing dykes,
sills, faults or other sharp lateral changes in magnetization [Reid et al., 2014]. On the other hand, since the
structural index is a constant integer for simple sources (e.g., faults, contacts or dykes) [Reid and Thurston,
2014], using Euler deconvolution technique is associated with some limitations and uncertainties. For exam-
ple, this method is not applicable to estimate the depth of complex sources, such as deep undulating surfaces
(e.g., Moho) [Reid and Thurston, 2014]. Furthermore, the results of this technique must be controlled by other
data sets, such as interpretation of borehole data, seismic reﬂection data, and information on the background
geology. In this study, the interpretation of deep borehole data (Table 2) and seismic lines from the eastern
part of the Bowen Basin were used to control the Euler deconvolution results.
4. Results
4.1. Regional Geophysical Characteristics
The stratigraphic interpretation of 2-D seismic lines was guided by the recognition of an angular unconfor-
mity at the base of the Surat Basin and strong, continuous, seismic anomalies associated with coal measures
in the Blackwater Group (Figure 3) of the Bowen Basin. Below and above the coal measures, the Bowen Basin
units are characterized by weak to moderate amplitude seismic anomalies, making further stratigraphic sub-
division impractical for this study. The Lower Permian volcanic rocks and metasedimentary basement rocks
are characterized by a general lack of coherent reﬂectors. There is little contrast in seismic response across
the unconformity at the base of the Bowen Basin, which thus could not be traced across all sections. A num-
ber of open ﬁle exploration boreholes along with existing time-depth charts were used to control strati-
graphic interpretation (Table 2).
The reduced-to-pole (RTP) total magnetic intensity image of the study area presents different magnetic
responses for the area outside and inside the Bowen Basin (Figure 5a). The eastern part of the study area is
characterized by basement rock units of the New England Orogen (Figure 5c). Comparison between a nearby
geological map and the RTP image indicates that the various negative to positive magnetic responses,
including low to high amplitude anomalies, are associated with Upper Carboniferous to Lower Permian
igneous rocks (Figure 5c). The bimodal Lower Permian volcanic rocks (from basalt to rhyolite) [Murphy et al.,
1976] are characterized by low to high amplitude positive anomalies and some local negative bodies, which
are associated with a north striking fabric and curvy irregular shapes (Figures 5a and 5c). Upper Carboniferous
intrusive units, including quartz monzonite, granite, and granodiorite [Murphy et al., 1976], are interpreted by
moderate to high amplitude magnetic anomalies associated with some large curved circular edges
(Figures 5a and 5c). Some Carboniferous metasedimentary units of the New England Orogen are also inter-
preted by low-amplitude negative magnetic responses. The Carboniferous-Permian rock units were cut by
a series of north, north-northeast, and northeast striking faults, which are observed as pronounced disconti-
nuities (Figures 5b and 5c). However, the kinematics of these faults remains unknown due to the lack of well-
preserved kinematic indicators along the faults in aeromagnetic image.
Within the Bowen Basin, the magnetic response is deﬁned by low-amplitude (<500 nT), long wavelength
(>5 km) positive anomalies (Figures 5a and 5c). Comparison between depth results of the Euler model and
borehole data (Table 2) suggests that the magnetic anomalies are related to magnetic minerals (likely mag-
netite) in the Permian to Triassic sedimentary rock units at the depths of 500 to 2500m (Figure 6). The mag-
netic minerals have likely been transported into the Bowen Basin from adjacent Upper Carboniferous to
Permian igneous rock units. Deeper (>3000m) magnetic anomalies are possibly related to Lower Permian
volcanic rocks (Figure 6b). The westernmost part of the study area is characterized by low-amplitude
(<200 nT) negative anomalies of unknown origin (Figure 5a). Lineaments associated with major faults in
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Figure 6. The results of the Euler Deconvolution of the study area (see Figure 5b for location): (a) SI 0 model; (b) SI 1 model. The results show the depth estimation of
magnetic anomalies.
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the study area are observed as discontinuities in the TAD image, correlated with the faults interpreted from
the seismic lines (Figures 5b and 5c). These structures will be described in the next section.
The reliable results of Euler deconvolution are provided by the structural indices 0 and 1models, showing the
tightest clustering of depth points along linear features that correspond closely with the interpretation of
faults and associated anticlines from seismic data and TAD image (Figure 6). Although the results of these
two models show similar trends along the edges of magnetic sources associated with faults, intrusions,
and contacts, the SI 1 model detects deeper sources (Figure 6). In most places, the increase in depth from east
to west is from 500 to >3000m, indicating that the Bowen Basin succession thickens in the eastern slope of
the Taroom Trough (Figure 6). A general increase in depth is also observed from the north to south, from
<1000m to >3000m. By comparison with seismic and borehole data (Table 2), this southward deepening
is interpreted to be related to the increase in the thickness of the Mesozoic Surat Basin succession.
5. Structure
5.1. Glebe Fault
The Glebe Fault is a north-northeast to north striking fault (Figure 2), which appears as a convex lineament in
the gridded aeromagnetic data (Figures 5 and 7). It is a west-northwest dipping reverse fault that displaced
the previously tilted Bowen Basin succession (Figure 8). Based on the seismic transect (Figures 8a and 8b), we
interpret the Glebe Fault as a listric fault that is steeply dipping (~70°) through the Blackwater Group and
Triassic units and becomes low angle (≤30°) at depth. The steepest dips are observed along the central part
of the fault, where fault throws reach up to 100m (Figure 8a). The fault offset increases in the lower parts at
depth (throw= 320 50m), where a shallower fault plane displaces Back Creek Group (Figure 8b). A gentle
hanging-wall anticline is associated with the Glebe Fault and is observed as curved reﬂectors in seismic lines
(Figure 8). The interpretation of successive seismic lines along strike indicates that the highest part of the anti-
cline is located in the central part of the fault, implying that the anticline is a doubly plunging anticline
(Figure 9).
Several smaller faults are observed in the TAD image as sharp discontinuities around the Glebe Fault
(Figures 7a and 7b). The majority of these faults are northwest striking, along with some northeast and north
striking faults. Due to the lack of geological markers on both sides of the faults, interpreting the kinematics of
most of these small faults is not possible. However, one NW striking fault and one NE striking fault are recog-
nized to be associated with small drags of magnetic anomalies that suggest sinistral and dextral movements,
respectively (Figure 7b). The small faults are not recognized in the seismic lines, possibly because of the small
amount of vertical displacement. The faults seem to displace magnetic bodies that are likely related to Upper
Permian or Triassic rock units. These small faults are interpreted to be associated with hanging-wall anticlines
of the Glebe and Taroom faults.
5.2. Taroom Fault
The north striking Taroom Fault occurs to the west of the Glebe Fault and is expressed by a pronounced linea-
ment in the TAD image (Figures 2 and 5). We mapped the fault based on the interpretation of several seismic
lines (Figure 2). The fault is an east dipping (<40°) thrust in the Bowen Basin units (Figure 10). This fault has
produced a hanging-wall anticline in Triassic units, which is observed as curved reﬂectors in seismic lines
(Figure 10a). The amount of displacement along the fault in the Permian units is low (throw <100m). The
Taroom Fault is possibly a back-thrust of the Glebe Fault (Figure 10b).
5.3. Cockatoo Fault
The Cockatoo Fault has the longest strike length in the study area. On the TAD image, it is expressed as a
north striking anomaly (Figure 5b). The Euler model suggests that the depth of geophysical expression of
the Cockatoo Fault is mostly shallow (<1000m) (Figure 6). The interpretation of several seismic lines reveals
that the Cockatoo Fault is an east dipping reverse fault, which displaced the previously tilted Blackwater
Group and Triassic units, as well as the basement rocks of the New England Orogen (Figure 11). The amount
of displacement increases from south to north. In the south, the fault is recognized in the basement rocks,
resulting in an anticline in the overlying Bowen Basin rocks (Figure 12a). Farther north, the Cockatoo Fault
propagated through all the units (Figure 11). Seismic line CTC96-4 shows that all sedimentary units in the
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hanging-wall were eroded, so basement rock units are juxtaposed against the Bowen Basin rocks in the foot-
wall (Figure 11a). Due to the lack of seismic lines to the north, the northern continuation of the Cockatoo Fault
remains unknown (Figure 2). Aeromagnetic data indicates that the fault either continues to the north or to
the northeast (Figure 5).
5.4. Burunga Fault
The north striking Burunga Fault is observed as a convex lineament in the TAD image (Figures 5b and 5c). The
results of Euler deconvolution show a range of depths from 500m to 2000m along this fault (Figure 6). We
interpreted more than 30 2-D seismic lines (Figure 2) in order to unravel the orientation, geometry, and kine-
matics of this fault. The Burunga Fault is a west dipping reverse fault, displacing all units of the Bowen Basin
(Figures 12b and 13a). Similar to the Glebe Fault, the Burunga Fault exhibits a listric geometry, with a steeper
Figure 7. (a) The TAD image of the northern part of the study area (see Figure 5b for location). (b) Some small north, NW, and NE striking faults between the
Cockatoo, Glebe, and Taroom faults.
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Figure 8. (a) Migrated seismic section SG00-05 (see Figure 1c for location). The interpretation shows the displacement of
the previously tilted Blackwater Group and Triassic units along the Glebe Fault which is a listric fault (throw is <100m).
(b) Migrated seismic section 84CT-4 (see Figure 2 for location). The interpretation of this line suggests that the Glebe
Fault is, in fact, a very low angle thrust in basement and Lower Permian volcanic rocks. The Fault throw is 320 50m. The
vertical to horizontal scale is almost 1:1 for both seismic lines.
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dip through the Blackwater Group and Triassic units and a shallower dip at depth (Figures 12 and 13a). The
throw of the fault varies along strike from<100m to ~600m (Figure 2). For example, in seismic line BUR81-16
the fault throw is >300m (Figure 13a). The listric geometry of the Burunga Fault is further evidenced by the
recognition of a gentle hanging-wall anticline (the Burunga Anticline), which is observed as curved reﬂectors
in the seismic lines (Figures 12b and 13a). This gentle anticline is connected to a north striking gentle sym-
metric syncline and anticline pair to the west (Figures 2 and 13a). The interpretation of seismic line BUR81-
1 shows that the Burunga Anticline plunges to the north and south (Figure 13b). A composite section across
the Cockatoo and Burunga faults in the central part of the Taroom Trough shows the geometry of faults and
folds (Figures 2 and 14a). The restoration of this cross section using the bed-length balance method [Marshak
and Mitra, 1988] reveals a shortening of approximately 2.8% (Figures 14b and 14c).
5.5. Miles Fault
Interpretation of 2-D seismic lines indicates that the Miles Fault is a northwest striking, northeast dipping
thrust fault, which is located southwest of the Burunga and Cockatoo Faults (Figures 2 and 15–17). Unlike
the other faults, the trace of this fault is not clearly observed in the TAD image (Figures 5b and 5c). An anti-
cline is developed in the hanging-wall of the fault (Figures 15 and 16). The interpretation of seismic line S78-6
shows a local wedge-shaped stratigraphic thickening of Triassic units in the footwall of the Miles Fault, sug-
gesting that thrusting occurred synchronously with deposition (Figure 15b). The highest amount of displace-
ment is observed in the northern part of the fault, where the fault throw reaches ~150m (Figure 15a). In the
south, the fault is recognized in the basement rocks, producing a hanging-wall anticline in the Blackwater
Group and Triassic units (Figure 16). A back-thrust is also observed in the southern part of the fault
(Figure 16). A composite cross section across the Cockatoo and Miles faults is presented in Figure 17a, and
a restoration of this cross section indicates shortening of ~1.5% (Figures 17b and 17c).
Using the interpretation of seismic lines, we mapped a series of smaller faults between the Cockatoo and
Miles faults (Figure 2). These reverse faults are either NE or SW dipping and deformed all units of the
Bowen Basin (Figures 16 and 18a). One of these faults is a very low angle SW dipping thrust, which created
a hanging-wall anticline in the Bowen Basin units between the Cockatoo and Miles faults (Figure 18a).
6. Discussion
6.1. Timing of Deformation
All faults in the study area have affected Triassic units of the Bowen Basin, which are overlain by undeformed
Jurassic rocks of the Surat Basin. Therefore, the deformation must have occurred after the deposition of the
Lower-Middle Triassic Bowen Basin strata and prior to the deposition of the Jurassic Surat Basin succession.
The deformation likely resulted from a contractional event during the early Late Triassic, which overlaps with
Figure 9. Fault parallel migrated seismic lines 84CT-3 and SG00-09 show that the Glebe Anticline has a doubly plunging geometry (see Figure 2 for location). The
vertical to horizontal scale is almost 1:1.
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time constraints on the last deformation phase associated with the HBO [Holcombe et al., 1997b; Korsch et al.,
2009b]. Evidence for fault activity prior to the early Late Triassic contractional event is not well constrained.
There is no evidence in the seismic lines for earlier activity along the Glebe, Burunga, and Taroom faults,
indicating that these faults likely developed as new structures in response to the early Late Triassic
contractional event. In contrast, it is possible that the Miles and Cockatoo faults were active prior to this event,
based on the evidence for synkinematic Middle (?) Triassic sedimentation in the footwall of Miles Fault
(see wedge-shaped growth strata in the footwall in seismic line S78-6; Figure 15b). Along the Cockatoo
Fault, a sedimentological study of the borehole Taroom 16 (to the east of the Taroom Fault, Figure 2)
revealed that the transition zone between the Clematis Group and Moolayember Formation, as well as
the lower part of the Moolayember Formation, may present a Middle Triassic alluvial fan setting [Kassan,
1993; Kassan and Fielding, 1996]. This interpretation is supported by interbedding of conglomeratic and
Figure 10. (a) The interpretation of seismic section T82L-2 (see Figure 2 for location) shows the Taroom Fault which displaced the Back Creek and Blackwater groups
and folded Triassic units. The vertical to horizontal scale is almost 1:1. (b) A cross section across the Glebe and Taroom Faults by interpretation of seismic lines and
available borehole data in the area.
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ﬁne-grained facies (a common feature in central or down parts of a fan) and by the occurrence of a great
thickness of deposits within the interval of the transitional zone and the lower Moolayember Formation
[Kassan, 1993; Kassan and Fielding, 1996]. We propose that this alluvial fan setting could be related to a
mountain-front to the east, which was produced by westward thrusting along the east dipping Cockatoo
Fault. The Taroom and Glebe faults could not control the development of alluvial fans, as the former is
located to the down part of the fans and the latter is a west dipping structure. A Middle Triassic deformation
event has also been interpreted along some structures in the western margin of the Taroom Trough [Korsch
et al., 2009b].
The Cockatoo and Miles faults appear to be the northward continuation of the Hunter-Moonie Fault System
(including the Hunter, Mooki, Goondiwindi, and Moonie faults) (Figure 1b). These faults are east dipping
thrusts that juxtaposed Carboniferous rock units of the New England Orogen against the eastern margin
Figure 11. (a and b) The interpretation of migrated seismic sections CTC96-3 and CTC96-4 (see Figure 2 for location). These seismic lines show the northern part of
the east dipping Cockatoo Fault, which placed the older Paleozoic basement rocks over previously tilted Permian-Triassic units of the Bowen basin. The vertical to
horizontal scale is almost 1:1.
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Figure 12. (a) The interpretation of migrated seismic section TH85-273 (see Figure 2 for location) shows the southern part of the Cockatoo and Burunga Faults.
The Cockatoo fault is an east dipping fault at basement that folded the Bowen Basin units. The Burunga Fault is interpreted as west dipping listric fault. The
vertical to horizontal scale is almost 1:1. (b) Migrated seismic section Bur81-10 (see Figure 2 for location). This seismic line indicates the listric geometry of the central
part of the west dipping Burunga Fault, displacing the Permian-Triassic units. The throw is <100m. The vertical to horizontal scale is almost 1:1.
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ofthe Bowen, Gunnedah, and Sydney Basins [Woodward, 1995; Korsch et al., 1997; Korsch et al., 2009b;
Phillips et al., 2016]. Tectonosedimentary studies of the Hunter-Mooki Fault System indicate that these thrusts
were active during the earlier phases of the HBO, in the Middle to Late Permian, and that thrusting continued
intermittently during the Triassic phases of contraction [Tadros, 1995; Phillips et al., 2016]. The movement
along these faults during the earlier phases of the HBO was contemporaneous with the deformation along
the GOZ and Marlborough Thrust in the northern Bowen Basin and New England Orogen [Fergusson, 1991;
Holcombe et al., 1997b]. Recent studies have also suggested that the Goondiwindi and Moonie faults were
active during the Early-Middle Permian phase of oroclinal bending [Babaahmadi and Rosenbaum, 2015;
Brooke-Barnett and Rosenbaum, 2015]. Babaahmadi and Rosenbaum [2015] proposed that the N to NE striking
Goondiwindi and Moonie faults were preexisting Palaeozoic structures, which have been rotated during the
development of the Texas Orocline.
Evidence for the last phase of the HBO is observed throughout the New England Orogen, including thrusts
and folds in the Esk Trough [Holcombe et al., 1997b], Nymboida Coal Measures [McElroy, 1975; Babaahmadi
et al., 2015], and Gympie Terrane in Middle Triassic rocks (Kin Kin beds) [Cranﬁeld et al., 1997]. Holcombe
et al. [1997b] suggested that this event occurred before ~228Ma, and possibly within the interval of 241–
228Ma, based on the occurrence of undeformed Upper Triassic (~228Ma) volcanic rocks on top of the folded
rocks of the Esk Trough. Babaahmadi et al. [2015] proposed a shorter interval in the Ipswich Basin and
Nymboida Coal Measures based on (1) a maximum ~232Ma age of volcanic rocks at the base of the Late
Triassic Ipswich Basin [Purdy and Cross, 2013], which represents the initiation of Late Triassic extension; and
(2) a 237Ma 40Ar/39Ar age of a basalt member in the Middle Triassic Nymboida Coal Measures [Retallack
Figure 13. (a) A composite of seismic sections Bur81-16 and GWH81-12 (see Figure 2 for location) shows the Burunga Fault and associated anticline and a pair of
symmetric anticline and syncline to the west. The vertical to horizontal scale is almost 1:1. (b) Fault parallel migrated seismic line Bur81-1 shows that the Burunga
Anticline has a doubly plunging geometry (see Figure 2 for location). The vertical to horizontal scale is almost 1:1.
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et al., 1993], which suggests that deposition of the sediments possibly continued until the early Late Triassic.
Therefore, the contractional event possibly occurred within the interval of 237–232Ma.
6.2. Variation of Structural Style in the Central Taroom Trough
Our results show that the eastern margin of the Bowen Basin is characterized by a north striking narrow zone
of reverse faults, which are both east dipping (the Cockatoo, Taroom and Miles faults) and west dipping (the
Burunga and Glebe faults) (Figure 2). Based on the interpretation of seismic lines, it appears that the amount
of reverse displacement, particularly within the Upper Permian-Triassic rock units, varies along strike.
Variations in fault kinematics are recognized along the east dipping Miles and Cockatoo faults, which, farther
south, are located in the basement rocks and only produced hanging-wall anticlines in the Bowen Basin suc-
cession (Figures 12a and 16). Farther north, these faults propagated upward and displaced the Blackwater
Group and Triassic units (Figures 11 and 15). These geometrical relationships indicate that the Miles and
Cockatoo faults may have developed from the north to south during the HBO.
Figure 14. (a) A cross section across the Burunga Fault and associated folds (see Figure 2 for location). (b) The cross section with deformed speculative top Triassic
units. (c) A 2-D restoration of the cross section indicates 2.8% shortening.
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The geometry and kinematics of the west dipping Glebe and Burunga faults appear to be different from the
Miles and Cockatoo faults. The following lines of evidence indicate that the west dipping faults, such as Glebe
and Burunga faults, represent an ultimate stage in the development of shallow/ﬂat décollements in the base-
ment rocks: (1) the interpretation of seismic lines shows that west dipping faults are listric structures that
penetrate into the basement with a low angle geometry (Figures 8, 12, 13a, and 14a), (2) the hanging-wall
anticlines are gentle structures (Figures 8, 10b, 12b, 13a, and 14a), indicating that they have been controlled
by very low angle (<20°) thrusts at depth [Korsch et al., 2009b], and (3) the interpretation of seismic lines
shows that a north striking gentle symmetric syncline and anticline pair, deforming all lithological units of
the Bowen Basin, have propagated to the west of the Burunga structures (Figures 2, 13a, and 14a). These
structures are thus interpreted to be detachment folds, which have been controlled by a ﬂat décollement
at depth (Figure 14a). These décollements possibly occur in the Carboniferous metasedimentary units of
the New England Orogen. However, the characteristics of the décollement level (detachment surface)
remains unknown due to the lack of information on the nature of the Palaeozoic basement in this area from
the current seismic lines and magnetic data. We suggest that movement along the décollements has propa-
gated from west to east. It initially resulted in detachment folds in the top Permian-Triassic rocks. Then, these
décollements propagated into top sedimentary rocks as steeper faults, giving rise to doubly plunging propa-
gation fault-related anticlines.
Figure 15. (a) Seismic section S78-6 (see Figure 2 for location) indicates the northern part of the east dipping Miles Fault, displacing the Permian-Triassic units. (b) A
closeup of a local wedge-shaped stratigraphic thickening in the footwall of the Miles fault, suggesting syntectonic sedimentation during the Middle? Triassic. This
part of the seismic line has vertically been exaggerated (~2.5 times).
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Some small east dipping shallow thrusts also occur in the western margin of the Taroom Trough [Korsch et al.,
2009b] (Figures 1b and 18b). However, the scale of these structures is not comparable to those in the eastern
margin. We suggest that the preexisting synclinal geometry of the central Taroom Trough controlled the
development of contractional structures. The central Taroom Trough is originally an orogenic-scale gentle
syncline with width of ~100 km (Figure 19a). The observation of seismic lines and the restoration of cross sec-
tions indicate that prior to the activity of faults during the last phase of the HBO, the central Taroom Trough
had been a gentle synclinal depositional system associated with tilted sedimentary units on its ﬂanks
(Figures 8, 11, 18b, 19a, and 19b). The synclinal geometry of the Taroom Trough was likely formed in response
to Early Permian rifting, and further evolved during the HBO foreland phases [Holcombe et al., 1997b; Korsch
et al., 2009b]. The episodic phases of the HBO intermittently resulted in the mild contraction of the central
Taroom Syncline. During the last phase of the HBO, in the early Late Triassic, the contraction process of the
central Taroom Syncline ultimately gave rise to the development of décollements and associated folds and
thrusts as accommodation structures, as well as to the reactivation of preexisting east dippingmarginal faults
(Figure 19b).
6.3. Along-Strike Variations in HBO Deformation
Our results reveal a different style of the HBO deformation in the eastern-central Bowen Basin in compar-
ison to the northern part of the basin. In the eastern-central part, contractional deformation is focussed
along a narrow north striking structural zone (Figure 1b) associated with a low amount of shortening
Figure 16. Migrated seismic section AP10-11 (see Figure 2 for location). This seismic line indicates the southern part of the east dipping Miles Fault. The fault is asso-
ciated with a back-thrust at depth, resulting in folding of the Bowen basin units.
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(~2.8% and 1.5%; Figures 14c and 17c). In contrast, more intense deformation in the northern part is dis-
tributed within a wider north-northwest striking fold-thrust belt (GOZ, FZ, and JTZ; Figure 1b) associated
with the Marlborough Thrust farther east [Fergusson, 1991; Holcombe et al., 1997b; Korsch et al., 2009b].
Based on ﬁeld observations, Fergusson [1991] has estimated 50–90 km of thin-skinned shortening in the
GOZ and FZ.
The along-strike variations in the eastern margin of the Bowen Basin may have been controlled by the
existence of a crustal-scale east dipping décollement, which has been interpreted to exist in the northern part
Figure 17. (a) A cross section across the Miles Fault and southern part of the Cockatoo Fault by interpretation of seismic lines and available borehole data in the area
(see Figure 2 for location). (b) The cross section with deformed speculative top Triassic units. (c) A 2-D restoration of the cross section indicates 1.5% shortening.
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(Figure 4) [Korsch, 2004]. During the HBO, activity along this décollement may have produced substantial
deformation along the branched imbricate thrusts and folds within the GOZ, FZ, and JTZ in the overlying
Permian-Triassic sedimentary rocks. The contractional structures are well developed in the northern part simi-
lar to other well-known foreland fold-thrust belts in other parts of the world, such as the Zagros and Andean
fold-thrust belts. Conversely, farther south, there is no evidence for such large crustal-scale décollements in
the eastern margin of the central Taroom Trough. Deformation is restricted along smaller décollements and
associated structures, which are all restricted to the shallow crust (<10 km). Contractional structures in the
central Taroom Trough are interpreted to be low strain accommodation structures that have developed in
response to mild tightening of the Taroom Trough.
We suggest that the variations in the deformation style along the eastern Bowen Basin have been triggered
by along-strike changes in the subduction style. The origin of the Middle Permian-Late Triassic HBO phases
has been attributed to a series of intermittent periods of subduction trench advance, following a period of
trench retreat in the Early Permian [Jenkins et al., 2002; Korsch et al., 2009b; Babaahmadi et al., 2015; Li
et al., 2015]. We propose that the variation in the orientation of the HBO structures in the eastern margin
of the Bowen Basin, from N-S in the central and southern parts to the NNW-SSE in the north (Figure 1a), likely
represents a concave geometry of the subduction zone (Figure 19c). Along the same line, along-strike varia-
tions in the rate of trench advance have likely led to along-strike variations in the strain pattern within the
Bowen Basin. Based on this model, the rate of intermittent trench advance in the north was higher than that
in the central part, consequently, producing higher amount of shortening (Figure 19c). A possible modern
analogue showing similar along-strike variations in trench migration is the Andean subduction zone
[Schellart et al., 2007]. This wide subduction system is associated with the highest amount of shortening
and uplift in its central part (Bolivian Orocline) (Figure 19d) [Kley and Monaldi, 1998; McQuarrie, 2002]. In
response to trench advance (Figure 19d) [Schellart et al., 2007]. In contrast, the deformation and uplift are
decreasing to the north and south, where trench edges are retreating at different rates (Figure 19d)
[Schellart et al., 2007].
Figure 18. (a) Migrated seismic section TH85-281E (see Figure 2 for location). It shows a very shallow west dipping thrust and resultant hanging-wall anticline in the
Permian-Triassic units. (b) Seismic section C82T-56 shows a basement east dipping fault in the western part of the Taroom Trough, resulting in folding of the Bowen
Basin units (see Figure 1b for location).
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Figure 19. (a) A real scale structural model showing the Taroom Trough during the Middle Triassic and the syn-depositional activity of east dipping marginal faults in
an alluvial setting. (b) The tightening of the syncline geometry of the central Taroom Trough could result in the development of décollements and associated
thrusts and folds as accommodation structures in response to the last phase of the HBO in the early Late Triassic. Since the amount of eroded Triassic units is
unknown, the top Triassic units remains speculative (see Figure 1b for location). (c) A speculative tectonicmodel for the along-strike variation in structural styles of the
eastern Bowen Basin. It shows that trench advance during the episodic HBO events occurred in higher rates in the northern part than southern part, resulting in
the stronger deformation in the north. Also, the variation in the orientation of structures from N-S in the south to the NNW-SSE in the north could mimic the concave
geometry of the subduction zone. The location of subduction zone in this model is speculative. (d) A comparable model from the modern Andes subduction
zone in the South American Plate. It shows different rates of trench retreat in the north and south and trench advance in the centre, resulting in stronger deformation
in the central parts [Schellart et al., 2007].
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7. Conclusions
Our observations indicate that two sets of west dipping thrusts (the Burunga and Glebe faults) and east
dipping thrusts (Cockatoo, Miles, and Taroom faults) developed in a narrow zone in the eastern-central
Bowen Basin. All the faults were active during the last phase of the HBO in the early Late Triassic.
Although there is no evidence for the activity of the Burunga, Glebe, and Taroom faults prior to the early
Late Triassic, some evidence indicates that the Cockatoo and Miles faults could be active intermittently
during the Permian and Triassic. The geometry and kinematics of the east and west dipping faults seem
to be different. The amount of displacement along the Cockatoo and Miles faults increases from south to
north. In contrast, the Burunga and Glebe faults are décollements in the basement, and their dip angle
gets steeper in Permian-Triassic units, resulting in doubly plunging propagation fault-related anticlines.
The syncline geometry of the central Taroom Trough controlled the geometry of the contractional struc-
tures. The décollements and resultant folds and thrusts are accommodation structures which have devel-
oped in response to the ultimate process of mild contraction of the central Taroom Trough during the last
phase of the HBO. A different style of HBO deformation is observed in the eastern-central Bowen Basin
associated with lower strain in comparison to the northern part of the basin which has undergone higher
strain within a wider deformation zone. The variation of the rate of trench advance along strike could
result in the along-strike variation in strain pattern in the eastern Bowen Basin, where the rate of trench
advance was higher in the north than that in the south.
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